Whereas amyloid-β (Aβ) accumulates in the brain of normal animals dosed with low levels of copper (Cu), the mechanism is not completely known. Cu could contribute to Aβ accumulation by altering its clearance and/or its production. Because Cu homeostasis is altered in transgenic mice overexpressing Aβ precursor protein (APP), the objective of this study was to elucidate the mechanism of Cu-induced Aβ accumulation in brains of normal mice and then to explore Cu's effects in a mouse model of Alzheimer's disease. In aging mice, accumulation of Cu in brain capillaries was associated with its reduction in low-density lipoprotein receptor-related protein 1 (LRP1), an Aβ transporter, and higher brain Aβ levels. These effects were reproduced by chronic dosing with low levels of Cu via drinking water without changes in Aβ synthesis or degradation. In human brain endothelial cells, Cu, at its normal labile levels, caused LRP1-specific down-regulation by inducing its nitrotyrosination and subsequent proteosomal-dependent degradation due in part to Cu/cellular prion protein/LRP1 interaction. In APP sw/0 mice, Cu not only down-regulated LRP1 in brain capillaries but also increased Aβ production and neuroinflammation because Cu accumulated in brain capillaries and, unlike in control mice, in the parenchyma. Thus, we have demonstrated that Cu's effect on brain Aβ homeostasis depends on whether it is accumulated in the capillaries or in the parenchyma. These findings should provide unique insights into preventative and/or therapeutic approaches to control neurotoxic Aβ levels in the aging brain.
BBB | cerebrovascular | BACE1 | toxicity | environmental C opper (Cu), an essential trace element, is an integral component of cuproproteins required for many physiological functions, such as energy production, scavenging of free radicals, connective tissue production, iron mobilization, and neurotransmission (1, 2) . Almost all of plasma Cu (16-20 μM) is bound to ceruloplasmin (Cp), and the remainder, non-Cp bound Cu, (labile Cu) is bound to albumin, transcuprein, peptides, and amino acids (3, 4) . Excess free Cu is toxic (5, 6) . Imbalance in cerebral Cu homeostasis plays a role in the pathogenesis of Alzheimer's disease (AD), and possibly other neurodegenerative diseases (7, 8) . Increased Cu levels in plasma and/or brain have been associated with AD (9) (10) (11) (12) . In phase II clinical trials, PBT2, a modified 8-hydroxyquinoline analogue, and Cu chaperone, are showing promise (13) . However, further studies are needed on effects of Cu on the CNS to fully understand the benefits of this potential therapy.
Amyloid-β (Aβ) accumulates around cerebral blood vessels and in brain parenchyma in rabbits dosed with low levels of Cu (0.12 mg/L) via their drinking water and cholesterol in their chow for 10 wk (14) . Similar data were obtained in beagles (15) , but the mechanism is unclear. However, in transgenic (Tg) mice overexpressing amyloid-β precursor protein (APP), soluble Aβ levels in brain were reduced in APP23 mice dosed with higher Cu levels (16) . In TgCRND8 mice crossed with mice that had Cu toxicities (toxic-milk mice), brain Aβ levels were also reduced (17) . In Tg2576 mice, Cu levels in brain were reduced (18, 19) . High levels of Cu inhibited in vitro Aβ production (20) . Thus, Tg mice overexpressing APP may be unsuitable to study Cu's normal role in Aβ homeostasis. APP expression is normal in the sporadic form of AD (21) . The objective of this study was to elucidate the mechanisms of Cu-induced brain Aβ accumulation in normal young mice, so as to provide a better understanding of Cu's role in Aβ homeostasis before exploring its role in a mouse model of AD.
Brain Aβ levels are regulated by its rate of production from APP and by its rate of clearance (22) . Clearance of Aβ from brain involves enzymatic degradation by proteases, including insulin-degrading enzyme (IDE) and neprilysin (NEP) (23) , bulk flow of interstitial fluid (24), and transport across the bloodbrain barrier (BBB) via low-density lipoprotein receptor-related protein 1 (LRP1) (25) . LRP1 is expressed in brain endothelium, and reduced expression was observed in aging rodents and in patients with AD (25, 26) , but the mechanism is still unclear. Herein, we uniquely show that Cu accumulated in brain capillaries but not in the parenchyma and that this was associated with reduced levels of LRP1 and increased brain Aβ levels in the aging mouse brain. Long-term exposure to low levels of Cu reproduced these effects and specifically caused LRP1 downregulation, due, in part, to Cu/cellular prion/LRP1 interaction, LRP1 nitrotyrosination, and its proteosomal degradation. In a mouse model of AD, unlike normal mice, Cu levels were also increased in the parenchyma and caused increased Aβ production and neuroinflammation.
Results
First we found a fourfold increase in Cu levels (Fig. 1A ) in brain capillaries isolated from aging mice (2-3 mo old and 25-28 mo old), which was associated with a twofold decrease in LRP1
Significance
The causes of the sporadic form of Alzheimer's disease (AD) are unknown. In this study we show that copper (Cu) critically regulates low-density lipoprotein receptor-related protein 1-mediated Aβ clearance across the blood-brain barrier (BBB) in normal mice. Faulty Aβ clearance across the BBB due to increased Cu levels in the aging brain vessels may lead to accumulation of neurotoxic Aβ in brains. In a mouse model of AD low levels of Cu also influences Aβ production and neuroinflammation. Our study suggests that Cu may also increase the severity of AD. levels ( Fig. 1 B and C) and a 1.5-fold increase in levels of brain endogenous Aβ40 and Aβ42 (Fig. 1D) . These effects were recapitulated in mice chronically dosed via their drinking water with low levels of Cu (0.13 mg/L) for 90 d. Compared with vehicle treatment, Cu-dosed mice had a twofold increase in non-Cp bound Cu levels in plasma ( Fig. 2A) , a 2.6-fold increase in Cu levels in brain capillaries without significant changes in the parenchyma (Fig. 2B) , a twofold reduction in LRP1 levels in brain capillaries without significant changes in the parenchyma (Fig. 2 C-E), and a 1.2-to 1.6-fold increase in brain endogenous mouse Aβ40 and Aβ42 levels, respectively (Fig. 2F) . No significant change was obtained for Cu bound to >100 kDa compounds (mainly Cp) in plasma (Fig. S1A ) or in brain levels of APP, IDE, or NEP (Fig. S1B) . Cu increased the retention of human 125 I-Aβ40 and 125 I-Aβ42 in brain (Fig. 2F ), due to a 2.5-fold reduction in BBB 125 I-Aβ40 and 125 I-Aβ42 transport into blood (Fig. 2H ). There was no significant change in the retention of 14 C-inulin (Fig. 2G ) nor in brain capillary levels of APP, β-site APP cleaving enzyme 1 (BACE1), IDE, NEP, very low density lipoprotein receptor (VLDLR), low density lipoprotein receptor (LDLR), receptor for advanced glycation endproducts (RAGE), P-glycoprotein (Pgp), or transferrin receptor in mice treated with and without Cu (Fig. S1 C-E). As in wild-type (WT) mice, Cu reduced BBB 125 I-Aβ40 transport in Ldlr −/− and Vldlr −/− mice (Fig. S1G ), which have normal LRP1 levels in brain capillaries (27) . In contrast, receptor-associated protein null (Rap −/− ) mice, with reduced LRP1 levels (25) , had a smaller effect on BBB 125 I-Aβ40 transport (Fig. S1G) . Sex had no effect on Cu-induced reduction in BBB transport of Aβ (Fig. S1H) . No significant changes occurred in physiological parameters, such as blood pressure, heart rate, breathing rate, pH, and blood gases in mice dosed with and without Cu (Table S1 ). These results suggest that chronic treatment with low levels of Cu might selectively reduce LRP1 levels in brain capillaries in wild-type mice.
We then tested cultured primary mouse brain endothelial cells (MBECs), and showed that Cu (200 nM), at levels normally found for non-Cp-bound Cu in plasma, reduced LRP1 levels ( Fig. 3A ) and Aβ42 binding (Fig. 4B ). Next we tested an established cultured primary human brain endothelial cells (HBECs) (25) to elucidate possible mechanisms of the Cu-mediated LRP1 down-regulation. The viability of HBECs was unaffected by Cu levels within the nanomole range (Fig. S2A ). Cu induced oxidative stress in HBECs ( Fig. S2 B and C) . The 125 I-Aβ binding to HBEC was inhibited (>70%) by anti-LRP1 antibody (25) . Cu levels at 200 nM and 1 μM progressively reduced LRP1 levels ( (Fig. S2G ). We reasoned that Cu's specific effect on LRP1 might be due, in part, to its interaction with cellular prion protein (PrP c ), because Cu-bound PrP c binds LRP1 (28, 29) . After incubation of HBECs with Cu, immunoprecipitated PrP c was associated with 1.5-fold increased levels of LRP1 ( Fig. 3 E and F) . Cu (200 nM) had no effect on the density of brain endothelial cells ( Fig. S3 A and B) or on angiogenesis ( Fig. S3 C and D) .
We then showed that compared with vehicle, levels of oxidative stress in cerebral cortex were increased fivefold ( Fig. S4 A and B) and levels of thiobarbituric acid reactive substances (TBARS) increased twofold ( Fig. S4C ) in mice treated with Cu. Because nitric oxide (NO) is increased in oxidative stress, brain sections were immunostained for nitrotyrosinated proteins (NT3). Mice treated with Cu had a 1.6-fold increase in NT3-positive vessels compared with vehicle treatment (Fig. 4 A and B) . In HBECs, Cu caused a 1.5-fold increase in NT3 LRP1/total LRP1 ratio (Fig. 4C) . Sodium nitroprusside, a nitric oxide (NO) donor, decreased LRP1 levels by 2.5-fold (Fig. 4 D and E) , whereas nitro-L-arginine (L-NNA), a NO synthase inhibitor, rescued LRP1 from Cu-induced nitrotyrosination (Fig. 4 F and G) . A decomposition catalyst of peroxynitrite prevented Cu-induced LRP1 reduction ( Fig. 4 H and I ) and Cu-induced toxicity in HBECs (Fig. 4J) (Fig. S4D ). The antioxidant, N-acetyl cysteine (NAC), almost completely rescued LRP1 from Cu-induced down-regulation ( Fig. S5 A and B) .
To establish whether Cu increased proteosomal degradation of LRP1, we performed pulse chase studies and showed that it decreased the half-life of LRP1 from 9.8 to 6.9 h (Fig. 5 A and B) without affecting the levels of immature (600 kDa) newly synthesized LRP1 (Fig. 5 C and D) . MG132, a potent inhibitor of proteosomes, completely rescued the Cu-induced LRP1 downregulation ( Fig. 5 E and F) . Cu did not affect LRP1 synthesis (Fig. S5C) .
Next, we explored the effect of Cu in a mouse model of AD. APP sw/0 mice treated with Cu had a 2.3-fold increase in Cu levels in brain capillaries, and unlike WT mice, a 1.6-fold increase in Cu levels in brain parenchyma (Fig. 6A) . Cu treatment also reduced levels of LRP1 in brain capillaries (Fig. 6 B-E), increased Aβ40 and Aβ42 levels in the cortex and hippocampus 1.6-2.2-fold (Fig. 6 F and G) , reduced cerebral blood flow responses to whisker stimulation 2.5-fold (Fig. 6H ) and exploratory preferences for novel object location (NOL) and novel object recognition (NOR) 1.4-1.7-fold ( Fig. 6 I and J) . In addition, in the Barnes maze test, the latency to escape into the hole was increased in Cu-treated mice (Fig. S6A) . Because oxidative stress is increased in the Cu-treated mice (Fig. S6B) , and associated with enhanced Aβ production and secretion of proinflammatory cytokines (31), we reasoned that the increased Cu levels in brain parenchyma could contribute to these conditions by increasing nuclear factor-kappa B (NF-κB) and BACE1 levels. We showed that BACE1 levels were increased in brains of Cu-dosed APP sw/0 mice by 1.5-fold ( Fig. 7 A and B) and similarly in capillarydepleted brain (Fig. S6 C and D) . Levels of proinflammatory cytokines, interleukin 1β (IL1β), and tumor necrosis factor α (TNFα) were increased by 1.5-to twofold (Fig. 7 C and D) . We then showed that Cu increased NF-κB levels in cortex and hippocampus (Fig. 7E) . Cu increased the levels of BACE1 in primary mouse neuronal cells in culture (Fig. S7 A and B) and the secretion of IL1β and TNFα by microglia cells (Fig. S8 A and B) . Thus, in APP sw/0 mice, Cu reduced LRP1 levels in brain capillaries and increased Aβ production and levels of neuroinflammation, all of which will cause accumulation of neurotoxic Aβ in the brain.
Discussion
The unique findings are as follows: (i) Cu accumulated in brain capillaries but not in the parenchyma of aging mice and selectively reduced levels of LRP1, a transporter of Aβ, which in turn contributed to increased levels of Aβ in brain. (ii) Mice chronically dosed with low levels of Cu (0.13 mg/L) in their drinking water for 90 d, starting at 2 mo of age, had the same effects on LRP1 and brain Aβ as in the aging mice. Levels of APP, IDE, and NEP were unchanged compared with vehicle-treated mice. (iii) In HBECs, Cu treatment, at levels (200 nM) similar to normal non-Cp-bound Cu in plasma, induced PrP c binding to LRP1, which in turn caused LRP1 nitrotyrosination and its subsequent proteosomal-dependent degradation. This leads to Cuinduced LRP1 down-regulation and decreased Aβ clearance in the aging brain. (iv) In APP sw/0 mice, Cu levels were increased in brain capillaries and, unlike WT mice, in the parenchyma. Increased Cu levels in brain parenchyma enhanced Aβ production and neuroinflammation, which potentiated Aβ accumulation. Faulty Aβ clearance across the BBB, due to increased Cu levels in the aging brain endothelium may lead to neurotoxic Aβ accumulation in normal brains, which may contribute to the development of the sporadic form of AD.
The CNS vascular barriers protect the brain from blood-borne toxins (32) . In the case of heavy metal ions, such as lead and iron, these are accumulated in brain capillaries, and transport into the parenchyma is rate limiting (33, 34) . Our data show that Cu is also accumulated in brain capillaries, corroborated by data obtained in rats in which brain capillaries accumulated Cu (about 10 times) compared with brain parenchyma (35) . Age-dependent increase in brain copper has been reported (18) . Thus, the normal BBB functioning in its protective roles restricts the transport of Cu into brain parenchyma. However, this may contribute significantly to the age-dependent down-regulation of LRP1 in the endothelium, leading to decreased Aβ clearance across the BBB into blood and accumulation of Aβ peptides in brain.
In these studies, mice were dosed with low levels of Cu (0.13 mg/L), 10% of the maximum contaminant level goal set by the Environment Protection Agency (EPA) and 52-fold higher levels of Cu compared with that in the animals' normal drinking water. Although Cu absorption is controlled (36), the non-Cp-bound Cu (labile Cu) levels in plasma were increased but not levels of Cu associated with proteins >100 kDa, mainly Cp-bound Cu (37, 
38). Cu absorption is controlled (36)
. Thus, a substantial fraction of the absorbed Cu bypasses the liver and enters the blood (11, 39) , as demonstrated with orally administered 64 Cu (40). This increases Cu availability for transport into brain. Cu slowly enters brain parenchyma and cerebrospinal fluid (CSF) when the cerebrovasculature is perfused, in situ, with free Cu (41) . Cu transport presumably occurs via Cu transporter 1 (Ctr1) and/or divalent metal transporter 1 (DMT1) on the luminal surface, and ATP7A, a Cu ATPase transporter, on the abluminal surface of the BBB (42) or presenilins (43) . In our in vitro studies, we used levels of Cu comparable to the normal non-Cp-bound Cu fraction in plasma and twofold lower than Cu levels normally found in the human CSF (3, 11) . High levels of Cu (in millimoles) were shown to induce angiogenesis in peripheral endothelial cells (44) . The low levels of Cu used in our studies had no effect on angiogenesis.
The accumulation of Cu in brain capillaries generates hydroxyl free radical by the Fenton/Haber-Weiss reactions (45, 46) . Cu 2+ is reduced to Cu 1+ by suitable electron donor (superoxide anion, NADPH, ascorbate, APP, Aβ), and Cu 1+ in turn reacts with hydrogen peroxide to generate hydroxyl radical, which can cause protein oxidation and lipid peroxidation (47) . Metal-catalyzed oxidation of proteins is a selective reaction that occurs mainly at sites on protein with a transition metal binding domain. APP, Aβ, and PrP c possess Cu binding domains (28, 46, 48) . APP has two Cu binding domains, one in the N-terminal and the other within the Aβ sequence (48) . Cu binding domain in APP also has Cu 2+ reductase activity that requires methionine170 or cysteine144 (30) . In addition, Cu-bound APP could be processed because LRP1 binds the Kunitz protease inhibitor domain of the longer APP isoforms (APP751 and 770) (49) . In vitro studies have shown that Cu avidly binds Aβ via mainly histidine and tyrosine residues (50, 51) . Aβ is also a Cu reductase (42 > 40) , that generates reactive oxygen species consequently to Cu/Aβ interaction (46) . Cu binds PrP c in its N-terminal domain (28) , which facilitates PrP c /LRP1 interaction and subsequent internalization (29) . Cu binding to APP and PrP c , and their interaction with LRP1, may explain Cu's selective effect on LRP1. Aluminum, iron, and zinc, at the same molar concentrations as Cu, did not affect LRP1 levels in HBECs, nor did they affect Aβ accumulation in brain (15) .
In oxidative stress, NO synthesis is increased, and in the presence of superoxide anion forms peroxynitrite, which causes nitrotyrosination of proteins (52) . In brains of patients with AD there is widespread protein nitrotyrosination (53, 54) . These proteins include enzymes of glucose metabolism (enolase, lactate dehydrogenase, and triosephosphate isomerase). In endothelial cells, nitrotyrosinated proteins include triosephosphate, antioxidant defense nonselenium glutathione, eukaryotic translation elongation factor 2, and HSP75 (55) . The proteosomal system degrades almost all (about 90%) of the intracellular oxidative damaged/nitrotyrosinated proteins (52) . We have shown that Cu selectively induced nitrotyrosination of LRP1 in brain capillaries and consequently its degradation by the proteosomaldependent system.
In APP sw/0 mice, LRP1 levels in brain endothelium are reduced and the BBB may be compromised (25, 32) . Treating these mice with Cu increased Cu levels in brain capillaries and in the parenchyma possibly via the compromised BBB. Because LRP1 levels are already reduced in these mice, further Cu-induced down-regulation of LRP1 may potentiate its deleterious effects. In addition, Cu in brain parenchyma could interact with Aβ and promote β-sheet conformation, aggregation, and toxicity (59) . In addition, oxidative stress may increase Aβ production via NF-κB and BACE1 (60) . Therefore, it would be difficult to separate the effect of Cu on LRP1-dependent BBB clearance and Aβ production in brains of mouse models of AD.
Currently, there are no treatments for AD, and all clinical trials have so far failed. Alternative approaches are urgently needed to delay/prevent the onset of this devastating disease. Whereas the role of environmental factors in the development of the sporadic form of AD is controversial, long-term exposure to higher levels of Cu may contribute to this process, at least in some cases. D-penicillamine, a Cu chelator that does not cross the BBB, reduced oxidative stress in patients with AD (10). PBT2, a hydrophilic copper-zinc chaperone, which crosses the BBB, improved cognition in clinical trials (13, 61) . Intracellular translocation of Zn and Cu via PBT2 may be an important mechanism of action for PBT2 (62) . Our data suggest that Cu critically regulates LRP1-mediated Aβ clearance across the BBB and contributes to increased Aβ production and neuroinflammation in a mouse model of AD. Thus, Cu-specific chelating agents, chaperones, or antioxidants may reduce Cu-induced Aβ accumulation in brain, which should, by extension, prevent Aβ accumulation in brain and improve cognition in AD (63) .
Materials and Methods
Mice (2-mo-old C57BL6) were dosed with Cu (0.13 mg/L) as copper sulfate or double-distilled water (vehicle) for 90 d. Brain capillaries and capillarydepleted brain were prepared, as described (25) . The levels of Cu in brain capillaries, capillary-depleted brain, plasma filtrate (100 kDa cutoff filter), plasma, and drinking water of the mice were determined using a PerkinElmer Analyst 600 Graphite Furnace Atomic Absorption spectrophotometer. Brain capillaries, capillary-depleted brain, and HBECs were lysed with RIPA lysis buffer and used for Western blot analysis (25, 60) . Mouse and human Aβ levels were determined by ELISA. Because there was no significant difference between the clearance of Aβ from brain using radio-iodinated Aβ and nonradio-labeled Aβ (ELISA), iodinated Aβ was used in these studies (25) . MBECs were isolated and cultured, as described (64) . HBECs were used as reported (25) . APP sw/0 mice overexpressing human APP transgene with the K670M/N671L double mutation under control of the hamster prion promoter were dosed for 90 d, starting at 6 mo old, with and without double-distilled drinking water containing Cu (0.13 mg/L) as copper sulfate. See SI Materials and Methods for further details. 
